Short-time/low-temperature thermal oxidation is known to lead to point defect perturbations in silicon. This study investigates the interaction between oxidation-induced point defects and type II dislocation loops intentionally introduced in silicon via ion implantation. The type II (end-of-range) dislocation loops were introduced via implantation of either Sif ions at 50 keV or Ge+ ions at 100 keV into (1OO)Si wafers at doses ranging from 2X IO" to 1 X 10t6/cm2. Furnace anneals -were done at 900 "C for times between 30 min and 4 h in both a dry oxygen and nitrogen ambient. The change in atom concentration bound by dislocation loops as a result of oxidation was measured by plan-view transmission electron microscopy. The results show type II dislocation loops can be used as point defect detectors. When Ge+ implantation was used to form the dislocation loops, a decrease in trapped atom concentration relative to the control was observed upon oxidation. These results imply that oxidation of high dose Ge+ implanted silicon results either in vacancy injection or provides an excellent sink for interstitials. It is also shown that when Si+ implantation is used to form the dislocation loops, the measured net interstitial flux trapped by dislocation loops is linearly proportional to the total supersaturation of interstitials determined by oxidation-enhanced diffusion studies done by Packan and Plummer [J. Appl. Phys. 68, 4327 (1990)].
INTRODUCTION
The ability to control dopant profiles in silicon device technology is becoming more important as the devices become smaller. To reduce the diffusion of impurities for shallow junction fabrication, short-time/low-temperature processings have been utilized. Short-time/lowtemperature oxidation is known to lead to perturbations of equilibrium point defect concentrations in silicon. Accurate modeling of this effect is crucial for future device fabrication. Since dopant diffusion in silicon occurs via interaction with point defects, accurate modeling of diffusion requires an understanding of the type and concentration of point defects and the interaction between these defects and the dopant atoms. To date, the accepted method of gaining insight into the type and concentration of point defects was via oxidation-enhanced diffusion studies. No direct method has been developed to measure the point defect concentrations. This study investigates the interaction between oxidation-induced point defects and type II dislocation loops intentionally introduced in silicon via ion implantation to determine if these loops could be developed into a direct method of measuring point defects perturbations in silicon. 0
Type II (end-of-range) defects are commonly observed in ion-implanted silicon at a dose above the amphorization threshold.' These defects form below the amorphous/ crystalline interface upon annealing induced solid-phase epitaxial regrowth at the amphorous layer and evolve into a layer of extrinsic dislocation loops with further annealing. These defects can'act as either sources or sinks of point defects2 and have a profound effect on the dopant diffusion during annealing. For example, the transient enhanced diffusion of phosphorous is absent when the as-implanted phosphorus profile is located between the end-of-range defect layer and the surface.3
It is generally accepted that the Si self-interstitials generated during thermal oxidation&' are responsible for the oxidation-enhanced diffusion (OED) for species that diffuse interstitially and oxidation-retarded diffusion (ORD)'-13 for species that diffuse via vacancies. These Si interstitials are also responsible for the growth of oxidation-induced stacking faults (OSF's) . 14-17 The generation of self-interstitials during oxidation is attributed to incompleteness of the oxidation process8"8~'g or interfacial stress.5 This interstitial supersaturation can decrease the vacancy concentration due to interstitial-vacancy recombination.20 It is well known that the common substitutional dopants in silicon, such as boron, phosphorous, and arsenic exhibit OED. On the other hand, antimony exhibits ORD. OSF's have been identified as extrinsic defects lying in the ( 111) plane and bound by Frank partial dislocations2 at high temperature. OSF's grow by absorbing interstitials and shrink by emitting interstitials, thus the observation of OSF growth/shrinkage should give us a good indication of point defect perturbations during oxidation. However, the size of and their density ( <106/ cm2) are not ideal for short-time/low-temperature processings studies. Instead, the type II dislocation loops have the advantage of much smaller size (-0.02 pm diam) and greater density (2 10"/cm2) therefore making them potentially a more sensitive detector. In addition, the fact that the type II defects are completely formed loops offers the ability to measure the total number of atoms trapped by the loops detector rather than measuring only the growth rate. Finally, it is possible to adjust the implantation and annealing parameters used to introduce type II defects and thereby accurately control the concentration, size, and depth of these defects. This process has been referred to as extended defect engineering and offers a tremendous flexibility in loop detector experiments. This study characterizes quantitatively the 'effect of short time oxidation on the growth of type II dislocation loops formed by Si+ and Ge+ implants. The purpose is to determine if the type II dislocation loops can be used as point defect detectors by directly measuring the net point defect flux trapped by dislocation loops after dry oxidation and correlating the loop detector experiments with OED studies by Packan and Plummer.*'
II. EXPERIMENTAL
The (1OO)Si wafers were implanted with Si+ and Ge+ ions. The Si+ implants were done at 50 keV while the Ge+ were performed at 100 keV in a waycool endstation. In both studies, the doses ranged from 2~ lOI5 to 1 X 1016/ cm*. Furnace anneals were done at 900°C for times between 30 min and 4 h in either a dry oxygen or nitrogen ambient. The XTEM measurements were performed on (110) cross-sectional specimens using bright field, twobeam goa conditions. As ameasure of the amount of type II defects, the concentration of excess atoms bound by extrinsic dislocation loops was measured by PTEM.
Oxidation time Q Quantitative analysis of the atom concentration in the end-of-range defects*t was performed using weak-beam dark field (gzzo) ~images of annealed PTEM samples. The dislocation loop diameter was obtained by measuring the longest dimension for each loop. The loop area was determined by assuming a circular loop. The total loop area was found by measuring the area of all the loops in a random 4 cm* area of the negative (magnification 37000 x ).-The fraction of the area covered by dislocation loops could be determined by dividing the total loop area by the observed area 4 cm*. Finally, by multiplying by 1.5 X 10r5/cm2 [the atomic density of atoms on the ( 111) plane] the concentration of atoms bound by the loops could be estimated.
III. RESULTS AND DISCUSSION
The depth of the type II dislocation loop layer after implantation and anneal in dry N, was measured by crosssectional transmission electron microscopy (XTEM) . The average depth of the loops for Si+ implants was between 1440 and 1550 A for doses between 2X 10's and 1 X 1016/ cm'. For Ge+ implant samples, the average depth of the loops varied from 1800 to 1900 A. Upon annealing in dry oxygen, the oxide thickness measured by an ellipsometer for Si+ and Ge' implant wafers are plotted in Fig. 1 and compared to predicted values.** The measured value varied by less than f 10 A over a 0.3 x0.3 cm* square area. The amount of silicon consumed during oxidation was less tharr 500 A, which is much less than the loop layer depth, thus, no loops were consumed during oxidation. The results showed the oxide thicknesses were higher than those predicted by linear-parabolic kinetics for layers thinner than 500 A, which is consistent with the other studies of short time silicon oxidation kinetics.23 The oxide thicknesses were similar for Si+ and Ge+ implanted Si wafers. This indicates that the dry oxidation kinetics for Si are not affected by the presence of Ge, which is also consistent with a previous report.*' LeGoues, Rosenberg, and Meyerson, using Rutherford backscattering spectrometry (RBS) , reported that upon dry oxidation of SissGe,,, a Ge layer is present at the oxide/Si interface; however, the oxidation rate was not affected by Ge. Recently, Liou et al*' reported that Si was preferentially oxidized for S&Gel-, alloys when the Ge concentration is less than 50% and this resulted in the formation of a Ge layer at the semiconductor/oxide interface. This is attributed to the low solubility of Ge in SiOa leading to rejection of Ge during oxide growth and pileup at the oxide/silicon interface. LeGoues and co-workers24 further proposed that the Ge layer at the interface suppresses the formation of Si interstitials during oxidation. Because Si has to diffuse through a Ge layer in order to react at the interface, Si interstitial formation is suppressed. Since Ge is larger than Si, the volume difference between one Si02 molecule and one Ge molecule is not as large as that for pure Si, thus reducing the need to create excess interstitials in order to account for the excess volume. During wet oxidation, it was proposed that interstitial formation and diffusion is the rate limiting step, thus interstitial suppression during wet oxidation of Si/Ge results in an accelerated oxidation rate. On the contrary, during dry oxidation, interstitials have more time to diffuse away from interface, thus a reduction in interstitial concentration does not affect the oxidation rate. According to the above model, the oxidation kinetics for dry axidation therefore should be similar with and without Ge, which is consistent with our experiment. Figures 2 and 3 show the PTEM micrographs of annealed samples comparmg the effect of dry oxygen versus nitrogen ambient on the dislocation loop area for Si+ and Ge+ implanted silicon at a dose of 1 X 10'6/cm2. It is seen that the dislocation loops are increasing in size during oxidation and are relatively unchanged by annealing in nitrogen ambient for Si+ implanted samples. However, the dislocation loop density for Ge+ implanted Si is greatly reduced upon dry oxidation relative to the annealing in a nitrogen ambient. The concentration of atoms bound by the dislocation loops after Si+ and GeS implantation at doses of 2~ 1015 and 5 X 10"/cm2 and annealing in both ambients are in Figs. 4 and 5, respectively. The graphs compare the number of interstitials trapped by type II dislocation loops as a function of annealing time in each ambient. It is seen that oxidation resulted in an easily measured increase in the dose of interstitials trapped by the loops for each Si+ implanted silicon. However, as shown in Fig. 5 , the atom bound by dislocation loops for Ge+ implanted Si is much higher in the nitrogen ambient than that in the dry oxygen ambient at a dose of 5 x 10'5/cm2. As was shown previou~ly,'~ by counting the trapped atom concentration bound by the type II dislocation and comparing this to the trapped atom concentration after annealing in an inert ambient, it is possible to determine the net interstitial flux trapped in the type II dislocation loops. Figure 6 shows the plot of the net interstitial flux trapped by dislocation loops during oxidation for the loops formed by Si+ implantation at the three doses studied. It can be seen that the net trapped interstitial concentration increases with oxidation time for each dose. However, the interstitial generation rate is decreasing with oxidation time, which is consistent that vacancy injection during wet oxidation may be responsible for the enhancement of oxidation by enhancing the .i. diffusion of Si up towards the oxide surface.31,32 At this time, it-is impossible to state whether vacancy injection or the decrease in interstitial injection is occurring. Pennycook33?has shown, using Z-contrast TEM, that Ge is rejected by oxidizing a SiGe surface. For a dose of 5 x lOi!/ cm2 implant, if all the Ge is rejected, the amount of Ge at the surface upon 30 min oxidation (t,,=21Q-220 A) was 1.1 x 1012/cm2 (calculated by TRIM 88) or much less than a monolayer. This implies that a very small amount of Ge can have dramatic effects on the point defects injection.
Another method previously used to measure supersaturation ~of interstitials injected by oxidation is oxidation-.^. _ -_ I _ . _ enhanced diffusion. The dopant di&sion-in silicon can take place via either vacancies or silicon sehinterstitials or both.20V27 Using the dual vacancy-interstitial model for dopant diffusion, the diffusivity of the dopant in intrinsic conditions can be written:
( 1) where (C,) and (C,) are the time-averaged concentration of silicon interstitials and vacancies during oxidation2' and (DA) is the time-averaged diffusivity measured after oxidation. q, C& and Dj refer to the equilibrium values. The term fr is the fraction of the dopant diffusion which occurs by the interstitial mechanism, and accordingly, the term ( 1 -fI) is the fraction of the dopant diffusion which occurs by a vacancy mechanism.
Pa&an and Plummer2' recently reported oxidationenhanced diffusion (OED) results for phosphorous in silicon during dry oxidation for various times and temperatures. The diffusion coefficients were measured at 900, 1000, 1100 "C for times ranging from 5 min to 4 h. By 
By using the above equation, Fig. 8 shows the comparison between the net interstitials trapped by dislocation loops and the total supersaturation of interstitials from Packan and Plummer results for Sif implanted wafers as a function of oxidation time. The net interstitial flux trapped is linearly proportional to the total supersaturation of interstitials from the OED results. However, it is still not possible to determine whether the net interstitial flux measured by the loops represents the total number of excess self-interstitials released from the surface or just a small fraction. This is because it remains uncertain whether the point-defect/dislocation-loop interaction process is reaction (interface) controlled or diffusion limited. Antoniadis27 has concluded from oxidation stacking fault studies that the interaction kinetics between the interstitial and the fault were reaction rate limited. However, the OSF's density was five orders of magnitude smaller than the type II dislocation loop density. In addition, as stated previously, the transient enhanced diffusion effects are absent when the phosphorous profile is shallower than the end-of-range loop layer.3 This would imply the point defect/extended defect interactions have become diffusion limited for type II dislocation loops. Further experiments combining OED and loop detector studies in the same sample are required to determine the nature of point defect/dislocation loops interactions. Such experiments are in progress.
IV. CONCLUSIONS
In summary, we have shown that type II dislocation loops can be used a point defect detectors and are efficient in measuring the oxidation-induced point defects. When high Ge + implantation is used to form the loops, a decrease in atom concentration bound by the loops relative to the control is observed upon oxidation, implying possibly either interstitial suppression or vacancy injection is occurring during dry oxidation. However, when Si+ implantation is used to form the loops, the measured net interstitial flux trapped by dislocation loops is linearly proportional to the total supersaturation of interstitials from oxidationenhanced diffusion (OED) experiments. It is still unknown whether the capture of point defects by the dislocation loops is reaction rate limited or diffusion limited and this information is essential for accurate interpretation of the flux values measured by the loops.
